Hepatitis delta virus (HDV) RNA subfragments undergo self-cleavage at varying efficiencies. We have developed a procedure of using repeated cycles of heat denaturation and renaturation of RNA to achieve a high efficiency of cleavage. This effect can also be achieved by gradual denaturation of RNA with heat or formamide. These results suggest that only a subpopulation of the catalytic RNA molecules assumes the active conformation required for self-cleavage. This procedure could be of general use for detecting catalytic RNA activities.
Small viroid, virusoid, and plant satellite viral RNAs have been shown to undergo self-catalyzed cleavage reactions (1, 4, 9). These reactions are highly specific and require divalent cations and neutral or alkaline pH, resulting in the production of a fragment with 5'-hydroxyl and another with 2',3'-cyclic phosphoryl groups (1-4, 9). The self-cleavage of these RNAs apparently requires a specific RNA conformation that brings reactive groups into close proximity. For most of these RNAs, a hammerhead model has been proposed as the secondary structure of the self-cleaving domain (4, 11) . The precise higher-order structure involved in RNA cleavage is still unknown. Moreover, most of the autocatalytic RNA cleavage reactions were incomplete. It was not clear why a proportion of the catalytic RNA molecules remained uncleaved.
A new class of self-cleaving RNA derived from an animal virus, hepatitis delta virus (HDV), has recently been described (15) . This virus contains a circular, single-stranded RNA of 1.7 kilobases (5, 8, 12) , which has several of the features characteristic of virusoid RNAs, including intramolecular complementarity (5, 6, 8, 12) . However, no sequence similarity between HDV and virusoid RNAs has been detected. Like the virusoid RNAs, subfragments of HDV RNA can undergo autocatalytic cleavage between nucleotides 688 and 689 (8, 15) . The smallest HDV RNA subfragment that could undergo self-cleavage was previously determined to be 133 nucleotides, which does not contain the consensus hammerhead sequence described for the autocleaving virusoid RNAs (15) . Furthermore, the cleavage exhibits extremely rapid kinetics and is active within a wide pH range (pH 5 to 9). These properties distinguish the HDV RNA from other self-cleaving RNAs.
The computer analysis of the self-cleaving HDV RNA suggests the presence of four possible stem-and-loop structures (15) . It is unclear, however, whether this is the RNA conformation which catalyzes the self-cleavage. Comparison of self-cleaving HDV RNA subfragments of different lengths suggests that they have different optimum conformations (16) (8) . The methods of plasmid construction and in vitro transcription were essentially similar to those published previously (15) . These plasmids were transcribed by T7 RNA polymerase, and the RNA transcripts were separated by polyacrylamide gel electrophoresis. The extent of cleavage of the RNAs was then determined. The results showed that the RNA made from the smallest clone, pHJ12L, was cleaved most efficiently (i.e., 65%), whereas the others were cleaved very poorly (10% for pHN106 and 10 to 20% for both pHN86 and pHJ1-24) (data not shown). Prolonged incubations did not increase the extent of cleavage. When the full-length transcript of each clone was purified from a denaturing polyacrylamide gel and then incubated at 37°C in the transcription buffer, which contains 12 mM Mg2+ and has a pH of 8.1 (15) , the extent of cleavage for pHN86 RNA was higher (26%), whereas that for pHJ12L RNA was considerably lower (19%) than the rate during in vitro transcription (65%) ( Table 1) . Since the conformation of RNA molecules may change dynamically during the process of transcription (13), these results suggest that the structure of HDV RNA required for self-cleavage is not that of the complete RNA transcript.
The extent of cleavage was also significantly affected by the concentration of Mg2+ and the pH in the reaction buffer (Table 1 ). In general, the higher the Mg2+ concentration was, the higher the extent of cleavage became. The extent of cleavage reached a maximum at 12 mM Mg2+.
The extent of cleavage was almost the same when the pH was varied from 7.1 to 9.1, but when the pH was lowered to between 5 and 6, the extent of cleavage of the pHN86, pHN1-24, and pHJ12L RNAs increased dramatically. In contrast, cleavage of the pHN106 RNA was completely inhibited at pH 5 or 6 (Table 1 ). This result indicates that the protonation of adenine and cytosine residues may have a significant effect on RNA cleavage. For all of the RNA subfragments, the rate of cleavage reactions was very fast; they were usually completed within seconds after the addition of Mg2+ irrespective of the final extent of cleavage.
One plausible explanation of these results is that only a small portion of the RNA molecules are in the active conformation for self-cleavage. This portion may vary under different reaction conditions. To test this possibility, the RNAs transcribed from the different plasmids were heat denatured at 100°C for 90 s and then renatured by incubating them at 37°C for 5 min. The extent of cleavage of pHN86 and pHJ1-24 RNAs increased significantly after only one cycle of denaturation and renaturation (Fig. 1A to D) . It was increased even further by additional cycles until it reached 85% after nine cycles of denaturation and renaturation. As a control, the transcription mixtures were incubated at 37°C without undergoing cycles of denaturation-renaturation; the extent of cleavage did not increase even after 2 h of incubation (Fig. 1E) . In contrast to these RNAs, the cleavage efficiency of the pHJ106 RNA was increased only marginally by these denaturation-renaturation cycles (Fig.  1C and D) .
These results suggest that an RNA conformer which exists during the process of denaturation-renaturation is required for RNA self-cleavage. To corroborate this interpretation, we performed heat denaturation and renaturation experiments on the purified pHJ1-24 RNA in the absence of Mg2+, which is required for RNA cleavage (14, 15) . At the end of the different denaturation-renaturation cycles, Mg2+ was added to a final concentration of 12 mM and incubated for 5 min. The extent of cleavage did not increase even after eight cycles of denaturation-renaturation under these conditions (Fig. 1F) . Thus, Mg2e has to be present during denaturationrenaturation in order for the RNA to be cleaved.
To determine the optimum temperature for the HDV RNA self-cleavage, the transcription reaction products were incubated in the presence of 12 mM Mg2+ at different temperatures for 5 min, and the extent of RNA cleavage was determined at each temperature. The optimum temperature for RNA cleavage was 65°C for the pHJ1-24 RNA and VOL. 10, 1990 MOL. CELL. BIOL. greater than 80°C for the pHN86 and pHN106 RNAs (Fig.  2A) . The optimum temperature for cleavage of the pHJ1-24 RNA was confirmed by first denaturing the RNA at 100°C for 90 s and then cooling it to 100, 85, 75, 65, 55, 45, or 37°C separately. At each temperature, the RNA was incubated in the presence of 12 mM Mg2+ for an additional 5 min. The fraction of RNA cleaved reached a maximum when the temperature was between 75 and 65°C (data not shown). These results indicate that 65 to 75°C is the optimal temperature for the formation of the autocleavage-active form of the pHJ1-24 RNA.
To corroborate the interpretation that the increase of the cleavage efficiency was due to changes in RNA conformation, we examined the effect of formamide on the extent of cleavage. The presence of formamide in the buffer increased cleavage efficiency, and the optimum concentration of formamide for pHJ1-24 RNA was 45% (Fig. 2B) . Thus, the effect of formamide on the extent of RNA cleavage is similar to that of heat denaturation and renaturation.
These results suggest that for most of the HDV RNA subfragments, only a small portion of the RNA molecules are in the active conformation for self-cleavage. By changing the incubation temperature or by adding formamide to the RNA, the equilibrium between the inactive and active conformers could be changed. Thus, the active RNA conformation is not the most stable RNA structure predicted from the computer modeling. These results are in agreement with the studies on a virusoid and newt catalytic RNA, which demonstrate that the inactive hammerhead catalytic RNA can be converted into an active one by denaturing RNA or changing the incubation temperature and buffers (4, 10) . However, those studies are not entirely comparable to the present finding because in our study, Mg2+ was required during RNA denaturation-renaturation, whereas in the virusoid RNA study, Mg2+ was added after denaturation (4) . Surprisingly, we found that some of the HDV RNA fragments cleaved to a higher extent at the lower pH, in contrast to most of the known catalytic RNAs, which normally selfcleave at neutral or alkaline pH (11 
